Personal exposures to volatile organic compounds (VOCs) were measured in the three industrial cities in the Czech Republic, Ostrava, Karvina and Havirov, while the city of Prague served as a control in a large-scale molecular epidemiological study identifying the impacts of air pollution on human health. Office workers from Ostrava and city policemen from Karvina, Havirov and Prague were monitored in the winter and summer of 2009. Only adult non-smokers participated in the study (N ¼ 160). Radiello-diffusive passive samplers were used to measure the exposure to benzene, toluene, ethylbenzene, meta-plus paraxylene and ortho-xylene (BTEX). All participants completed a personal questionnaire and a time--location--activity diary (TLAD). The average personal BTEX exposure levels in both seasons were 7.2/34.3/4.4/16.1 mg/m 3 , respectively. The benzene levels were highest in winter in Karvina, Ostrava and Prague: 8.5, 7.2 and 5.3 mg/m 3 , respectively. The personal exposures to BTEX were higher than the corresponding stationary monitoring levels detected in the individual localities (Po0.001; except m,p-xylene in summer). The indoor environment, ETS (environmental tobacco smoke), cooking, a home-heating fireplace or gas stove, automobile use and being in a restaurant were important predictors for benzene personal exposure. Ostrava's outdoor benzene pollution was a significant factor increasing the exposure of the Ostrava study participants in winter (Po0.05).
INTRODUCTION
The contamination of urban air by toxic organic pollutants causes concern about adverse health effects. Volatile organic compounds (VOCs), including benzene, toluene, ethylbenzene, meta-plus para-xylene and ortho-xylene (BTEX), are associated with a wide range of human health effects, from headaches and eye irritation to central nervous system depression and cancer. 1--5 BTEX has a vital role in the troposphere chemistry; together with NO x , they are precursors required for the photochemical production of ozone and other components of photochemical smog. 6 Traffic is believed to be the critical source of atmospheric BTEX emissions in cities, 7 but high concentrations can also be found near coal-processing plants or refineries and chemical plants. 8 This research focused on aromatic hydrocarbons with respect to their high toxicity. Another source of these hydrocarbons are losses by evaporation during the manipulation, storage and distribution of petrol. 9 Important indoor sources are building materials and furniture, attached garages, heating and cooking systems, stored solvents, paints and organic coatings, cleaning and cosmetic products and various human activities. 5 One of the most important representatives of VOCs is benzene, which is characterized by the International Agency for Research on Cancer (IARC) as a human carcinogen. Ethylbenzene is classified as a possible carcinogen to humans and toluene and xylenes are categorized as not classifiable as to their carcinogenicity to humans. 10 Continuous stationary monitoring has already become a part of air pollution monitoring systems, but these data cannot provide a real personal exposure profile. There is large spatial variation in the distribution of BTEX in urban areas. 11 Factors such as wind, temperature, traffic density, city buildings and industrial sources greatly increase spatial variation. 12 Personal exposure is determined by outdoor and indoor concentrations, as well as personal activities. Time spent outdoors, distance from the source of pollution (proximity of busy roads and industrial sources), the impact of environmental tobacco smoke (ETS) as well as indoor sources are very important factors. International studies have reported that people spend 80--93% of their time indoors, 1--7% in enclosed transit and 2--7% outdoors. Thus, an individual's exposure to air pollution is dependent on individual activity patterns, reflecting time spent in different microenvironments: indoors, outdoors, as well as commuting. 13--16 Because there are no data about the personal exposure to BTEX and potential sources of such exposure in the Czech Republic, we tried to measure this exposure and analyze the main determinants of exposure in the context of a large-scale molecular epidemiological project and studied the impact of air pollution on the population of industrial cities within the Moravian--Silesian Region (MSR) of the Czech Republic: Ostrava, Karvina and Havirov. The capital city of Prague served as a control. During past years (2002--2009) , the concentrations of benzene in Prague were at least four times lower than in the Ostrava city. Personal exposure to BTEX was investigated with its impact on biomarkers of exposure, effect and susceptibility that could demonstrate relevant damage of genetic material. This report presents results on personal exposure to BTEX and its relationship to some exposure-modifying parameters.
METHODS

Study Area
The MSR is situated in the easternmost part of the Czech Republic (see Supplementary Figure 1 18 Prague is the capital and the largest city of the Czech Republic, situated in central Bohemia. The city is spread over nine hills on 496 km 2 with 1.3 million inhabitants. 17 Traffic and home heating are considered to be the most important sources of air pollution in winter. In all, 51.5% of households use central heating, 40% natural gas, 5.7% electricity, 2.4% coal and 0.2% wood. VOC emissions have been calculated to be 13,159 tons per year in 2008. 18 
Study Population
Ostrava city policemen were originally planned for this study, but the Ostrava City Authority did not approve their inclusion, so they were replaced by office workers from Ostrava city and policemen from the neighboring towns of Karvina and Havirov. City policemen from Prague served as a control group as long-term followed group in the city without industry. Prague had the advantage that long-term biomonitoring data were available and good monitoring conditions for such a big project were experienced. Even though there is a big difference in exposure patterns between these two groups (office workers and policemen), we think that comparison of exposure data of subjects from industrial and nonindustrial cities are of great importance (these data have not been previously measured in CR). The study was planned to include three monitoring campaigns: winter 2009, summer 2009 and winter 2010. Here, we are presenting the results from the first two campaigns. The participants were recruited on a voluntary basis using a recruitment letter distributed to all male employees. The same participants took part in both campaigns, and all of them were non-smokers. Because of high number of participants and lack of personal monitors, we were not able to monitor all localities simultaneously. Localities were monitored after each other in the same season by this schedule: February 2009 in Prague and March 2009 in Ostrava and Karvina. The summer campaigns were held at the end of May in Prague, whereas Ostrava, Karvina and Havirov were measured at the beginning of June 2009. Seventy-four office workers joined the study in Ostrava in winter and 64 in summer (average age 37.7 ± 9.8). Sixty-five city policemen participated in Prague in winter and 60 in summer (average age 38.3 ± 8.7), 24 city policemen in Karvina (average age 36.5±7.2) and 12 city policemen in Havirov in summer (average age 40.2±9.6). All participants gave their written consent before the study after having received written and oral information about the study. The participants answered a personal history questionnaire giving information on their place of residence, transportation mode, type of housing, life style and activities that might influence their exposure to the agents of interest for the study. In addition, during an observation period when they carried the personal monitors, they kept a detailed time--location--activity diary (TLAD) in which they recorded information about their location and activities every hour. The personal sampler used was attached to the volunteer's lapel and during the night was set on the bedside table. All stages of the study were approved by the Ethical Committee of the Institute of Experimental Medicine AS CR, Prague, Czech Republic.
Personal Exposure Monitoring
Benzene, toluene, ethylbenzene and m,p,o-xylenes were measured by Radiello passive diffusive samplers (Fondazione Salvatore Maugeri, Padova, Italy) for 24-h (24.2±2.1 h). A yellow diffusive body with an adsorbing cartridge of graphitized charcoal (Carbograph 4) was used. The cartridges were stored in a refrigerator (4--8 1C) . BTEX were trapped by adsorption and recovered by thermal desorption, while analysis was performed by capillary gas chromatography with Flame Ionization Detection (FID) in the laboratories of the certified company ALS Czech Republic, Prague (EN ISO CSN IEC 17025). The method allowed detection limits as low as 0.5; 0.1; 0.1; 0.2; 0.1 mg/m 3 for BTEX, respectively. Analytical method has been described in details elsewhere 19 and the sampler has been widely used. 7,20--22 The monitoring campaigns were held according to working shifts of participants. Office workers and policemen in Havirov were monitored during the weekdays; policemen in Prague and Karvina were monitored during the whole week. The monitoring period usually started in the morning 0800 h, only in Karvina group there were two working shifts that started monitoring at 0700 h and 1900 h. All participants in every location started and finished monitoring at work in central location. For quality control, 8% of samples were taken as blanks parallel with the samples in all experiments in this study. In all, 88% of blanks were under detection limits. Duplicate samples were run at the workplace of office workers with the deviation o15%.
Stationary Monitoring
Information about outdoor BTEX was used from automated measuring program of the Czech Hydrometeorological Institute. The concentrations in relevant days of personal monitoring were compared and data were used from Prague Smichov and Ostrava Fifejdy and Ceskobratrska stations. The instrument Environnement SA, VOC71 M measured in Prague and Syntech Spectras, GC855 in Ostrava. BTEX were analyzed by gas chromatography with photo-ionization detection.
Statistical Analysis
To determine the effect of life style and subject behavior, we have tested data from two types of questionnaires, which could help to detect additional individual sources of BTEX or effect of outdoor concentration, which was assigned to individual subject and it's personal exposure. From the personal history questionnaire, we used information mainly about: heating ---central heating out of flat/gas heating in flat/electric heating/ coal stove in flat/wood stove in flat/fireplace; cooking information ---cooking on gas stove/electric stove/other stove, cooker hood using often/ sometimes/rarely, cooking yes/no, cooking daily/every other day/weekly/ sometimes/never; ventilation ---in work/at home/elsewhere and way of ventilation by air-conditioner/by short window opening/by long window opening/no ventilation; traffic subjective perception ---by density in both localities ---work/home; passive smoking ---smoking in subject's presence ---in work/in leisure, smoking of living partner ---yes/no, smoking in flat ---yes/no. The TLAD included information about description of activities during monitoring day: home/traveling/at work/in restaurant/elsewhere; and specified the presence of participants: indoor/outdoor/car/public transport/actual passive smoking.
Statistical analyses were done using Statistica 7.1 (StatSoft, OK, USA). The non-parametric method for bivariate analyses was used to compare data samples that were not distributed normally: the Mann--Whitney Rank Sum U-test for comparison of two groups. For each individual activity from the TLAD questionnaire, the medians of distribution of this activity were calculated. According to the median the sample was divided into two groups: below median (BM) and above median (AM). If the value of median was equal to zero, split was done equal to zero and above zero. Distribution was done independently in both followed periods (winter/summer 2009). To assess the effect of outdoor concentrations to personal exposures of individuals, models of multivariate linear regression were used measured by personal monitoring. Models were built up with forward stepwise model building option. Because of big volume of the models, we chose and published only the most important parameters.
RESULTS
Characteristics of the Participants
Depending on the locality, 8--25% of policemen had a university degree in contrast to 92% of the office workers. Table 1 shows the time distribution of the activities of individual groups in both seasons according to the time activity questionnaires during the 24-h monitoring period (not all subjects fulfilled the questionnaire correctly, 92% in the first campaign and 83% in the second completed the questionnaires in 22--26 h). The group of Ostrava office workers spent 75--87% of their time indoors from which around 50% was at home. The group of policemen in Karvina spent 49--60% of their time indoors and 37--43% at home, while the Prague policemen spent less time indoors (46--49%) and also at home (only 36%), while spending 34% of their time outdoors, which is around 8 h compared with the 18 minutes reported by the Ostrava participants in winter. The difference in the time spent at work is due to the 12-h working shifts of the policemen. The Karvina participants were the group that spent the highest time exposed to passive smoking (Po0.01, Table 1 ). More information about the subjects' demographic characteristics can be found in Svecova et al. 23 Personal Exposure Table 2 shows the average BTEX personal exposure levels in both seasons. The benzene levels were the highest in Karvina in both seasons and greater in the summer (Po0.001) (winter/summer 8.5/16.4 mg/m 3 ). In the other locations, the benzene levels were significantly higher in winter (Po0.01). Exposures to toluene, ethylbenzene and the xylenes were the highest in Karvina followed by Prague and Ostrava, owing to the fact that city policemen spend their work time in the streets, in contrast to office workers. The levels were higher in winter. Personal exposures to xylenes were significantly higher in Prague policemen than in Ostrava office workers in winter (Po0.001) as well as to m,p-xylene in summer (Po0.01). Also, higher concentrations of o-xylene were found in Karvina policemen in summer (Po0.01). These results probably reflect the greater traffic-related exposure of the groups of policemen. 
Significant differences are highlighted in bold (Po0.05). Comparisons are done using the Mann--Whitney U-test. The reference group is Prague; unit, hour. Environmental and Life Style Factors Affecting Personal Exposure Bivariate analysis, which used information from the personal history questionnaires, showed the influence of heating systems on personal exposure. A significant effect for increased exposure to ethylbenzene and m,p,o-xylenes (Po0.01) was observed for an indoor fireplace in summer, but no significant effect was seen for benzene or toluene when analyzing all groups together. In Karvina, there were significantly higher concentrations of benzene, ethylbenzene and xylenes in summer because of the use of an indoor gas fire (could reflect using gas fire during cold nights even in this period or using boiler for hot water or cooking) and of o-xylene owing to the use of a fireplace (Po0.05). Analyzing the effect of cooking in all the groups together, there were significantly higher concentrations of benzene when using a gas stove instead of an electric stove for cooking (7. summer) . In the group of Ostrava office workers, time spent outdoors had a positive effect on personal exposure to all BTEX (significant for benzene in summer 7.39 ± 4.01 vs 5.17 ± 2.48, Po0.01; ethylbenzene in summer 3.03 ± 2.04 vs 2.06 ± 1.26, Po0.05; m,p-xylene in summer 9.33±6.69 vs 6.44±3.78, Po0.05; o-xylene in winter 3.65±2.02 vs 2.92±2.12, Po0.01 and o-xylene in summer 3.11 ± 2.10 vs 2.22 ± 1.32, Po0.05). Time spent at work was negatively associated with exposure to benzene in all the groups analyzed together (6.31±8.67 vs 8.04±11.39, Po0.001 in winter and 5.59 ± 10.57 vs 7.31 ± 13.02, Po0.001 in summer), while a positive association was found in all the groups for m,p-xylene in winter (12.92 ± 15.38 vs 11.70 ± 14.56, Po0.05). In Prague policemen, time spent at work was positively associated with benzene exposure in summer (3.48 ± 2.00 vs 2.61 ± 0.67, Po0.01). Time spent in restaurants increased exposure to toluene in summer (18.85±15.27 vs 16.60±25.25, Po0.01).
When comparing the measured personal BTEX concentrations with outdoor levels in the same period and location, we found that the personal exposures were much higher (Po0.001; see Supplementary Table 2 online). Linear multiple regression models of effect of outdoor concentrations and personal exposures in Prague and Ostrava revealed a significant relation for benzene in both the groups together (row regression coefficient B ¼ 1.13, Po0.01 in winter, B ¼ 1.26, Po0.001 in summer). Significant effects were also found in the Ostrava participants (B ¼ 1.66, Po0.001 in winter and B ¼ 0.83, Po0.05 in summer). For other pollutants, a significant impact was found in summer in the Prague and Ostrava groups together, except for m,p-xylene, which was significant in the Ostrava participants only (see Supplementary Table 3 online) .
In this paragraph, selected parts of multivariate linear model are presented. They were compiled to describe relation between individual BTEX according to outdoor concentration data and personal exposure data influenced by the time--activity profile from TLAD and other parameters from questionnaires. Because of big volume and lucidity, whole models could not be included. For benzene exposure in winter in Prague policemen, significant factors were a smoking partner (B ¼ 7.54, Po0.05) and cooking (B ¼ 6.79, Po0.05). In Karvina policemen, significant factors for benzene exposure in winter were a smoking partner (B ¼ 10.97, Po0.001), cooking on a gas stove (B ¼ 28.26, Po0.001), a fireplace in the home (B ¼ 23.27, Po0.001) and being at work (B ¼ 0.27, Po0.01), while in summer additional significant factors were identified: using a car (B ¼ 8.97, Po0.001), being in a restaurant (B ¼ 7.62, Po0.001) and using public transport (B ¼ 10.41, Po0.01). In the Ostrava office workers, the models identified as significant determinants of benzene exposure were influence of outdoor pollution (B ¼ . The higher values were observed mainly in winter when the wind speed did not exceed 0.5 m/s. 24 We have not studied the impact of wind speed, but the toluene values in our study were also higher in winter (Po0.01), which could be explained by differences in climate parameters. Personal exposures to VOCs within this study are higher than exposures in UK cities such as London or Birmingham, also higher than in New York City or Helsinki. 11, 25, 26 Personal exposure to VOCs is determined by many factors such as ETS, the type of home heating, fumes encountered in the cooking process (e.g., frying or broiling), time spent in restaurants, ''do-it-yourself'' (DIY) activities and many others. Therefore, detailed information about the subject's life style and activities during the period of personal monitoring are of great importance. In this study, detailed information was obtained through a personal history questionnaire and a TLAD. As we measured different groups in different cities, diverse factors influenced the personal exposures of individual groups. As the main determinants of benzene exposure, we assessed the indoor environment, ETS, cooking, and the use of a gas stove or fireplace in winter, and automobile use and being in a restaurant in summer. Ostrava's outdoor pollution was an important factor for the Ostrava participants. For toluene exposure, cooking and the home environment, ETS, being in a restaurant, living in the city of Ostrava and the outdoor concentration of toluene in Karvina were significantly important. Personal exposure to ethylbenzene was mainly determined by the home environment, cooking, the outdoor concentration of the pollutant, a fireplace or gas stove in the home, residence in Ostrava city, and ETS. Factors significantly affecting the concentrations of m,p-xylene were the home environment, cooking, ETS, a fireplace or gas stove in the home, travelling and residence in Ostrava city in the summer. Exposure to o-xylene was influenced mainly by the home environment, a fireplace or gas stove in the home, ETS, residence in Karvina in summer and a garage inside the house. The study in Greece 20 revealed that population exposure to benzene depends mainly on the time spent outdoors, indoor pollution and the method of transportation. The authors also suggested that the strategy of fixed-point monitoring is insufficient to estimate exposure in highly exposed groups, which is in agreement with our findings. The impact of ETS was clearly seen in other studies in low-pollution regions such as Helsinki, where exposures to BTEX compounds were 1.2--1.5 times higher for the population of ETS-exposed participants than for those not exposed. The strongest source factors for participants not exposed to ETS were traffic-related sources. 6 Comparisons of outdoor and personal BTEX values in our study show that for all BTEX compounds, people are closer to the sources of pollution and exposed more than the outdoor numbers would indicate as showed also in other studies. 7, 15 Personal exposure to benzene and other VOCs together with other pollutants such as PM2.5 and PAHs contribute to a high air pollution burden in Ostrava and Karvina. Benzene is one of the significant health risks posed by the polluted air of urban and industrial areas. 1,27--29 Our study tried to assess the main determinants of exposure to VOCs in large cities in the Czech Republic where the Ostrava region, owing to its composition of sources, especially metallurgy, steel, coke ovens and power generation facilities, is the most polluted region. Significantly, important factors included outdoor pollution and residence in Ostrava or Karvina, in addition to other known factors such as ETS, type of heating, cooking, travelling and some other personal activities connecting with VOC exposure. A more detailed study would be beneficial to simultaneously measure indoor/outdoor/ personal concentrations to reveal the main indoor sources and the strength of their effects in comparison with outdoor sources such as the impact of industrial plants, traffic and local heating. In such cities as Ostrava, there is a great need to monitor, regulate and decrease the prolonged and unsustainably high levels of pollutants to protect public health, including the most susceptible group ---children.
